Abstract. For reinforced concrete structures, several corrosion detection methods exist: concrete resistivity, half-cell potential or linear polarization resistance (LPR) measurement. The LPR value can be linked to the corrosion rate thanks the Stern-Geary equation if strong hypotheses are made. Existing commercial devices use a guard ring to canalize the current on specific steel rebar area and assume that the steel rebar is uniformly polarized. However, recent works reveal that the top part of the steel rebar, right under the counter electrode, is the most polarized point. The particular point is referred as the point of interest (PI). This works belongs to the DIAMOND project which aims to produce a new corrosion rate measurement device. Comsol® software was used to model the influence of concrete cover, resistivity and injected current on the current density at the PI. Moreover, a significant influence of the steel rebars diameter was also demonstrated. Two types of abacus are built. The first one links to polarization measured on the surface to the polarization on the rebar at the PI. The second links the ratio between the current density at the PI and the density of injected current to concrete cover and steel rebar diameter. The Stern-Geary equation can now be used at the PI without using the approximation of a uniformly polarized rebar. The corrosion state of reinforced concrete structure can be controlled more precisely. The methodology is then applied on two concrete slabs in which three metal bars are embedded at different concrete covers. The first slab is prepared with ordinary concrete while the second contain chloride to artificially activate the corrosion process. The results reveal that the rebars embedded on the first slab are not corroding (icorr ≤ 0.2 µA/cm 2 ) while the second rebar are corroding (icorr > 0.2 µA/cm 2 ).
Introduction
The corrosion of steel bars is a major issue in the durability of reinforced concrete structures [1] . To assess the corrosion state of reinforced concrete structure, three physical values can be measured, in theory: half-cell potential, concrete resistivity or linear polarization resistance (LPR). Half-cell potential method evaluates the risk of corrosion by measuring the corrosion potential Ecorr [2] . However, half-cell potential measurement only provides qualitative assessment regarding corrosion. Resistivity is being increasingly considered as a durability index for assessing the longterm performance of concrete structures [2] [3] [4] . Concrete cover resistivity can be measured by the device presented in this article. However, we focus here on corrosion rate measurement. During the last decade, the growing interest of assessing corrosion by more quantified techniques than the half-cell or resistivity methods leads to several publications dealing with corrosion rate [6] [7] [8] [9] [10] . Corrosion rate of steel plays an important role in safety evaluation, maintenance decision and residual life prediction of the existing RC structures [8] . Andrade et al. [11] defined four corrosion levels based on corrosion rate. For example, if icorr < 0.1 µA/cm 2 , the corrosion level is negligible and if it is higher than 1 µA/cm 2 , the corrosion level is high. Most of the time corrosion rate is measured according to the RILEM TC 154-EMC [12] recommendations. This method is based on empirical relation between corrosion rate and the polarisation resistance RP developed by Stern and Geary [13] .
However, this method is based on two strong hypotheses that cannot be completed on-site. First, the rebar is supposed to be uniformly polarized. Several recent studies, usually based on numerical simulation, proved that this is not the case. The point on the rebar, right under the polarizing probe, is the most polarized point [14] [15] [16] [17] . This point is referred as the point of interest (PI). Secondly, the polarization area is supposed to be controlled. Commercial devices use a similar confinement technique in order to master the polarized area and determine the polarization resistance. The confinement technique is based on the introduction on a confinement ring that is supposed to confine the current on a well-defined area of the steel rebar [6] . Investigations revealed that different corrosion rates were obtained when these commercially devices are used [18] [19] [20] [21] . The main reason for the discrepancies is attributed to confinement problems [22, 23] . Thus a new This work belongs to the DIAMOND project [24] which aims to create a new electrochemical device to assess corrosion of reinforced concrete structure by measuring simultaneously half-cell corrosion potential, concrete resistivity and corrosion rate with the same device. It consists on a more simple geometry (no guard ring) and is based on corrosion rate measurement on a single point, the PI.
The present study focusses on corrosion rate assessment. The DIAMOND probe will be first presented. Then, the measurement methodology is introduced. The measurement is then numerically modelled using COMSOL® software. The results are presented in abacus were three parameters are taken into account: concrete cover and resistivity, rebar diameter. Experiments on different covers samples are finally performed to validate the method.
Materials and experimental setup 2.1 DIAMOND probe
The schematic layout of the DIAMOND probe is presented in Figure 1 . The potential at the concrete surface is measured on the centre of the probe, on a small circular surface (5 mm diameter) with a Cu/CuSO4 RE. The counter-electrode (CE) has a ring shape with 8 mm internal diameter and 22 mm external diameter ( Figure 1 ). This device is simpler (no guard ring) compared to the commercials devices (GECOR and GalvaPulse) usually employed to determine rebar corrosion rate. The injected current JP is controlled by a galvanostat developed in our laboratory. It was calibrated with an Iso-tech multimeter. A photo of the probe is also presented in Figure 1 . 
Measurement methodology
For one-electrode measurement, an electrical connection is performed to the rebar. The rebar diameter D and cover thickness c can be evaluated by non-destructive technique [25] . The polarization of rebar is a transient phenomenon. The rebar / concrete interface can be modelled by a Randles equivalent circuit [26] which associated the polarization resistance RP and the capacitance C. This representation is presented in one dimension. In reality, it should take into account the three-dimensional nature of the problem. The rebar is polarized using a galvanostatic method. The instantaneous ohmic drop is used to determine the concrete cover resistivity. The potential on the surface is then registered once the response is stabilized. The injected current is JP = 10 µA.
Concrete slab specimens
Two concrete slabs (400 x 400 x 120 mm³) were prepared with CEM I cement and a very high water/cement ratio of 1.05. Each slab contains 3 rebars (D = 8, 10 and 12 mm) respectively positioned 15, 25 and 40 mm under the concrete surface (Fig. 2) . The quality of the produced concrete was voluntarily bad in order to promote corrosion and fast moisture balancing. The second slab contains chloride in order to activate corrosion. The samples were prepared and the tests began 8 weeks after their production. The slabs are placed outside in Arles, France. 
Finite element model
Only a quarter of the system was modelled because of the double symmetry of the problem. The current was injected through the CE. The RE was a cylinder in contact with the surface and the CE was a disc with a hole in it to enable RE contact with surface (Fig. 3) . The injected current JP was kept at 10 µA for all numerical experiments. RE and CE resistivity was 10 -5 Ω.m. Different rebar diameters were modelled (6, 10, 16 and 32 mm). Concrete cover ranged between 10 and 100 mm.
Tetrahedral elements were used for discretization. The maximum element size was fixed at 0.5 mm. The mesh was refined around the probe, the rebar surface and the ⃗ axis. The ⃗ axis was the axis passing through the centre of the RE and the top part of the rebar. It is represented by a red line in Fig. 3 . In the simulation, a constant current density was applied to the CE (JP / surface area of the CE). The corrosion potential of the rebar was imposed Ecorr = -0.42 V and was intended to model an active rebar [15, 27] . However, changing this potential did not change any of the numerical results given below. A very small electric resistance (0.00001 Ω) was implemented on the rebar/concrete interface to model the polarization resistance short-cut at the beginning of the polarization. Butler-Volmer equation was implemented on the rebar interface to model its behavior on steady-state. All other boundaries were electrically isolated.
Numerical results
To determine the LPR, both rebar polarization ΔEP and current density at the PI jPI must be determined. Fig. 4 presents an example (D = 20 mm, c = 30 mm and ρ = 100 Ω.m) of the evolution of the potential along the z ⃗ axis at t = 0 (continuous line) and under steady state (dotted line). The instantaneous ohmic drop ΔEΩ can be measured on the surface and is used to determine the concrete cover resistivity. At this moment, the potential on the rebar interface remains equal to the corrosion potential. On steady-state, the rebar is polarized (ΔEP ≠ 0). Due to the three dimensional nature of the problem, the rebar polarization is different from potential switch observed on the surface between the beginning and the stabilized state of the polarization (ΔEP ≠ ΔEtot -ΔEΩ). We can see on Figure that the upper part of the rebar is more polarized than the bottom part.
In order to determine the polarisation on the rebar depending on the polarisation on the surface, Fig. 5 is introduced. This figure is obtained for a 100 Ω.m resistivity. Different evolutions are observed if the resistivity is modified. However, this ratio always remains bigger than one.
The ratio between current density at the PI and the injected current density is presented on Fig. 6 for 100 Ω.m resistivity and four different rebar diameters. This ratio both depends on rebar diameter and concrete 5 . Ratio between the polarisation at the PI ΔEP and the polarisation on the surface ΔEP,suf depending on concrete cover for a 100 Ω.m resistivity and 5 different rebar diameters. Fig. 6 . Ratio between the current density at the PI jPI and the injected current density jP depending on concrete cover for a 100 Ω.m resistivity and four different rebar diameters.
cover. It decreased when the concrete cover increased as the current is more distributed along the rebar. The same type of abacus was built for a wide range of concrete resistivity. These two types of abacus can now be used for LPR determination at the PI.
Experimental results
The corrosion potentials of each rebar of the two slabs previously introduced were followed during 92 days. The results are presented on Fig. 7 . The chloride presence significantly decreases the corrosion potentials which indicate that the rebars actively corroded.
Fig. 7. Corrosion potentials evolution.
The corrosion rates of the two slabs are presented on Fig. 8 and Fig. 9 . The measured corrosion rate on slab 1 are predominantly small (icorr < 0.1 µA/m 2 ). However, the deeper rebar (c = 40 mm -D = 12 mm) reached 0.2 µA/cm 2 which can be associated to moderate corrosion.
The measured corrosion rates on slab 2 are clearly higher than the values obtained without chloride. All values are higher than 0.1 µA/cm 2 and few of them exceeds 1 µA/cm 2 . The corrosion rate device developed and the numerically built abacuses seem effective to determine corrosion rate of reinforced concrete structure. 
Conclusions
A new corrosion rate measurement device was presented in order to measure the LPR. The rebar is polarized using a galvanostatic method and the LPR was determined on single point, the PI, right under the probe. The measurement was modelled using Comsol® in order to take into account several influencing parameters: concrete cover and resistivity and rebar diameter. A first set of abacus was built to determine the polarization on the rebar at the PI and a second set to obtain the current density.
The methodology is then applied on two concrete slabs. The first one is prepared with ordinary concrete while the second contain chloride. The results reveal that the rebars embedded on the first slab are not corroding (icorr ≤ 0.2 µA/cm 2 ) while the second rebar are corroding (icorr > 0.2 µA/cm 
